It is adopted the single-diode solar cell model and extended for a PV module. The current vs. voltage (I-V) characteristic based on the Lambert W-function was used. The estimation parameters for the simulation approach of the photovoltaic (PV) module make use of Levenberg-Marquardt method. It was considered an industrial polycrystalline silicon photovoltaic (PV) module and the simulated results were compared with the experimental ones extracted from a specific datasheet. The I-V characteristic for the analysed PV module and its maximum output power are investigated for different operating conditions of incident solar radiation flux and temperature, as well as parameters related to the solar cells material and technology (series resistance, shunt resistance and gamma factor). The analysis gives indications and limitations for design and optimization of the performance for industrial PV modules. This study can be implemented in any type of PV module.
Introduction
Recently, circuit-based models of photovoltaic (PV) arrays are being developed in order to predict the performance of PV modules in different operating conditions like solar irradiance and temperature. The modeling is performed via current vs voltage characteristic and this is a highly constrained nonlinear op-How to cite this paper: Mitroi, M.R., Ninulescu, V., Fara, L. and Crăciunescu, D. There are many methods presented in the literature for modeling PV modules. Among these, the single-diode model and the two-diode model are widely adopted [1] [2] . A comprehensive review of all modeling techniques is also available [3] [4] [5] [6] . Most of the models are focused on monocrystalline and polycrystalline PV modules using different techniques. For instance, the single-diode model proposed by Gradella [7] presents a power matching algorithm by varying the series and shunt resistances simultaneously, for accurately fitting the characteristic curve at standard testing conditions. The diode ideality factor is arbitrarily chosen. This concept is extended to two-diode model [8] . There are many other models presented in the literature that use conventional methods based on datasheet parameters [9] [10] [11] . All these models accurately predict the I-V characteristics for monocrystalline and polycrystalline modules, whereas they fail in a fair prediction of the characteristics of thin film solar cells. Other methods presented in literature are based on optimization and soft computing techniques. Even though these methods envisage the behavior of PV modules accurately, they are highly complex. A modeling approach for PV modules based on amorphous silicon solar cells [12] considers an improved single diode model with two additional parameters.
Three types of PV modules are mostly commercialized: monocrystalline silicon modules, polycrystalline silicon modules and thin film modules. The performance among the three types varies in a decreasing order, from former to latter [7] .
Modeling Approach to the PV Module

Electrical Modeling
The electrical equivalent of a single-diode PV cell is presented in Figure 1 , where: I L is the light-generated current in the absorber layer, I d -current through the diode, I-the total current, and V-the output voltage, R s -the series resistance, R sh -the shunt resistance.
Under illumination, the total current I [13] written for a PV module consisting of N s cells connected in series is where: I 0 is the reverse saturation current corresponding to the diode, V th = k B T/q is the thermal voltage, k B and q are the Boltzmann constant and the elementary charge, respectively, γ is the diode ideality factor and T is module temperature. The value of γ is 1 for an ideal diode and greater than 1 for a real one, depending on the type of defects or/and recombination mechanisms. The series resistance takes into account the losses in neutral zones, in cell solder bonds, interconnection, junction box, etc., that are cell manufacturing dependent; the shunt resistance is due to the generation-recombination processes in the space charge region of the cell and to the leakage currents at the surface, i.e. it depends on the composition of the absorber layer [14] [15].
The light-generated current in the absorber layer is
where G inj is the photoelectron generation rate and L is the thickness of the absorber layer. The photoelectron generation rate is directly proportional to the incident light flux power density [16] and should take into account the carrier-injection efficiency. The absorber layer is responsible for absorption and conversion of incident photons into charge carriers.
By use of Lambert W function [17] , Equation (1) 
where β PV is the PV module parameter that characterizes the efficiency due to the light reflection and absorption in the transparent glass layer of the PV module, which depends on its materials and design.
The solution based on Lambert W function is exact and explicit. One can see that I depends on six parameters: I s , R s , R sh , T, γ and β PV .
The short-circuit current Isc, is obtained substituting V = 0 in Equation (3) ( ) 
The Influence of Temperature
The PV modules are generally used at temperatures ranging from −15˚C ÷ 50˚C and to even higher temperatures in space applications and concentrator systems.
Many studies have pointed out that the performance of solar cells degrades as temperature increases. The variation of R s and R sh with temperature affects slightly the efficiency [18] [19] . In this paper, we analyze the variation of parameters V th and I 0 with temperature. The thermal voltage dependence on temperature is ( )
where * th V is the thermal voltage at the standard temperature T = 298 K.
The reverse-bias saturation current depends on temperature according to Attivissimo [20] :
where E g is the bandgap energy of the absorber layer. 
where E g (0) is the band gap value at T ≈ 0 K, and a and b are constants. The values of the parameters in Equation (8) 
Numerical Analysis of an Industrial PV Module
An industrial PV module was analyzed based on the theoretical model discussed above. We analyzed a PV module produced by Tritech Group PV manufacturer [22] , WT 60P-SM_255W, consisting of N s = 60 polycrystalline silicon cells grouped in series. The performance of a PV module is analyzed by numerical simulation for AM 1.5 G solar spectrum and standard temperature conditions [23] .
The model parameters I 0 , R s , R sh , β PV and γ as function of the incident light flux power density were determined by fitting Equation (3) Table 2 and compared with the datasheet ones (http://wattrom.com). The relative error in the calculated parameters is also highlighted.
The I-V curve with model parameters of Table 1 is traced in Figure 2 and compared with that from the datasheet. The correlation coefficient is greater than 0.99. Journal of Power and Energy Engineering 
Influence of Solar Irradiance
The impact of the some power densities of the incident light flux of solar irradiance (P L ) on the current vs voltage characteristic is shown in Figure 3(a) , thus resulting in a maximum output power that decreases linearly (Figure 3(b) ). This change is mainly attributed to the lowering of the current at the maximum power point. The comparison for the voltage and current at the maximum power point relative to that at the standard conditions (1000 W/m 2 ) with datasheet values is presented in Table 3 .
Influence of the Parameters Rs, Rsh and γ
We analyzed the influence of the parameters R s , R sh and γ on the current-voltage characteristic and on the maximum output power for the PV module. Each parameter was varied within a range in good agreement with other studies [10] Journal of Power and Energy Engineering [25] . We considered the standard conditions and β PV = 0.9 for all simulations. The parameter values that are kept constant in each case are from Table 2 . Figure 4 shows the influence of the series resistance (a), the shunt resistance (b) and the ideality factor (c) on the I-V curve and maximum output power (P M ). The increase of R sh and γ improves the performance of the PV module, while the increase of Rs contributes to a performance decrease. The increase due to the ideality factor is significant within the range 1 < γ < 2.
Influence of Temperature
The temperature influence on the I-V characteristic and output power was analyzed using Equations (7) and (8) . Figure 5 shows this dependence. A strong output power decrease with increasing the temperature is observed.
The decrease of maximum output power is of 19.48% for a temperature increase of 30 K, from T* = 298 K to T = 328 K. This aspect is mainly due to the temperature dependence of the current I 0 [Equation (7) ] that undergoes a rapid increase with temperature. The results indicate that the temperature is a major factor in decreasing the PV module performance [26] , which has to be considered in module design. Journal of Power and Energy Engineering 
Conclusions
This study presents a comprehensive numerical analysis of performance optimization of a PV module based on polycrystalline silicon solar cells grouped in series.
The novelty of this research consists in the numerical analysis based on single diode model applied for a PV module and the use of the Lambert W function for such an approach.
The numerical analyses were considered in-depth from two points of view:
1) There were compared the simulated results with the experimental ones based on the datasheet values regarding the main performance parameters for an industrial PV module namely: I sc , V oc , P M , FF, η.
2) It was considered the influence of temperature and solar irradiance (inci- 
